Abstract
recovery. Conversely, the presence of natural organic matter (NOM) is a key factor in their 23 adhesion to matrix particles, by decreasing the predicted influence of native surface chemistry 24 and functional coatings. A kinetic experiment performed over 48 h showed that attachment to 25 soil colloids is rapid and that hetero-aggregation is dominant. These results suggest that transport 26 of ENMs away from the point of discharge (or entry) could be limited in soils and sediments, but 27 additional experiments under more realistic and dynamic field conditions would be necessary to 28 confirm this more generally. Transport properties may also differ substantially in matrices where 29 NOM is largely absent or otherwise sequestered or when dissolution of ENMs is an important 30 factor. 31
Introduction

35
Because of the wide range of applications for engineered nanomaterials (ENMs) in industry, 36 medicine, consumer products and agriculture, the nanotechnology field has witnessed rapid 37 development. Consequently, the number of studies focused on ENMs is increasing rapidly. 38
However, knowledge of the physico-chemical state and reactivity in environmentally relevant 39 media and validated tools to measure those properties remain a significant challenge. 1, 2 40 Soils (and sediments) are rich environmental matrices with respect to naturally occurring 41 colloids (nano-to micro-scale). Soil colloids (operationally defined by a size between 1 nm and 1 42 µm 3 ) typically carry a net electrostatic charge (negative in most cases) and/or have hydrophobic 43 characteristics that may promote interactions with natural or anthropogenic species (e.g., trace 44 elements, ENMs, etc.). These colloids are composed of mineral (clay, iron oxides, etc.) and/or 45 organic (natural organic matter -NOM) components, and play a central role in determining the 46 behavior, mobility and fate of ENMs that enter the environment. Correspondingly, colloidal 47 transport through soils has been widely studied for metallic trace element fate [4] [5] [6] [7] [8] . The most 48 important sources of entry for ENMs into soils arise from application of wastewater sludge as a 49 soil amendment, intentional releases for environmental applications (e.g., zero valence iron 50 nanoparticles 9, 10 ) and accidental spillages 11 ; ENMs may also enter the environment via aerosols 51 that subsequently deposit into soil or aquatic systems and from end-of-life disposal in landfills. 52
A number of studies have examined the behavior of ENMs in environmental matrices and 53 more particularly in soils [12] [13] [14] [15] [16] [17] [18] . The aggregation rate including homo-aggregation (ENM-ENM) 54 and hetero-aggregation (ENM-natural colloid) is a key parameter to assess the reactivity, 55 transport and bioavailability of ENMs in the soil compartment and their potential impact on the 56 biota and groundwater 19 . Here we use the term 'aggregation' in the generic form (i.e., equivalent 57 to agglomeration), due to its historical use in this context. 58
The principal methods used to detect and characterize ENMs in soils and sediments include 59 transmission electronic microscopy (TEM) 15 Information provided by the producer on the corresponding certificates indicated that the matrix 131 materials were sieved at 2 mm for the two soil samples and at 1 mm for the sediment, to remove 132 the coarsest fraction; materials were then ground to a particle size below 100 µm (< 90 µm for 133 SONE-1 and 75 µm for the two SRMs). In general, particulates with a higher specific surface 134 area are likely to present a more reactive material and to represent the greater portion of available 135 surface area (on a mass basis) within the matrix. 136 Fig. 1 that provides an ionic strength closer to typical environmental media rather than DI water alone, 142 and MHW has been used extensively for environmental studies. The calculated ionic strength is 143 3.3 mmol L -1 . A liquid/solid (L/S) ratio of 10:1 was used, containing 1 g of solid matrix and 10 g 144 of leachant. This ratio is somewhat arbitrary in nature, but has been commonly used in previous 145 studies and proved both workable and reproducible. AuNPs were spiked into soil samples by 146 addition of a small volume (100 µL) into the solid-leachant system, to obtain concentrations in 147 the range from (10 to 5000) µg kg -1 . The resulting preparations were agitated for 24 h using an 148 end-over-end rotator. 149
A centrifugation technique was used to isolate soil colloids ≤ 1 µm (total range of the 150 colloidal fraction) and < 0.45 µm (commonly used threshold). The settling time to obtain the two 151 different size fractions was determined using the equation: = IN, USA) using a J20.1 fixed angle rotor (15 mL tube volume) was used. The centrifugation 161 speed was set at 2000 rpm (515 g at R). In a first step, a centrifugation time of 2 min was applied 162 to remove material > 1 µm. The supernatant was collected and a small part of it was put aside for 163 analysis. In a second step, the fraction ≤ 1 µm was centrifuged for 10 min to remove material > 164 0.45 µm. Under these conditions Au particles smaller than 300 nm and 140 nm remain in 165 suspension for the soil colloidal thresholds of 1 µm and 0.45 µm, respectively. 166
To digest AuNPs in soil extracts, either in solution or attached to soil colloids, undiluted 167 aqua regia (1:3; HNO3:HCl) was added to the aliquots of the supernatants. These solutions were 168 then left at room temperature overnight in a fume hood. This was followed by dilution with DI 169 water (containing 0.1 % thiourea to avoid memory effects in the instrument and to stabilize Au) 170 to reach 2 % aqua regia. Total gold concentration was then determined by ICP-MS. The 171 digestion procedure was verified by spiking a known mass quantity of AuNPs in a soil extract (< 172 0.45 µm) followed by ICP-MS analysis; this yielded total Au content within experimental 173 uncertainty. The potential for AuCl3 precipitation was mitigated due to the large excess of Cl 174 (from aqua regia) over Au in all samples. 175
To verify that the AuNPs did not adhere substantially to the centrifuge tube walls 176 (polypropylene), AuNPs were agitated in the absence of the soil matrix under the same 177 conditions. Results (not shown) indicate the percentage of Au remaining in solution after 178 agitation is > 95 % for Cit-, PVP-and PEG-coatings. bPEI-AuNPs (positively charged) 179 presented a significant loss (70 %). The affinity of bPEI-AuNPs for the soil particles is relatively 180 high (compared to other coatings) due to the soil's net negative charge, whereas the container 181 surface is neutral and has a total area that is relatively small compared with the colloidal fraction. 182
Based on these results, we conclude that analyte loss to the container surface represents a 183 relatively small effect, of order 5 % or less; this effect may be measurably higher for bPEI coated 184 particles, but the soil colloids should outcompete the container surface for adsorption in an 185 agitated system. 186
UV exposure 187
AuNP suspensions were irradiated at a nominal concentration of 10 mg L -1 in DI water. 188
Samples were held in quartz vials in a photoreactor (Rayonet RMR-600, Southern New England 189 Ultraviolet Co. -SNEUCo, Branford, CT) equipped with a carousel and eight lamps 3500A, SNEUCo) emitting UV light centered at 350 nm and ranging from (300 to 400) nm. The 191 irradiance was estimated to be ≈ 30 W/m 2 by ferrioxalate actinometry, following previously 192 described protocols 35 and measurements 36 . After irradiation, the AuNPs were then spiked into 193 SONE-1 slurry as described before for the hetero-aggregation experiments. 194
Instrumentation
195
A Zetasizer Nano ZS (Malvern, Worcestershire, UK) was used offline to determine the 196 hydrodynamic diameter (z-average) and the zeta-potential (Smoluchowski limit) of the NP 197 suspensions and soil extracts. The ionic strength and pH for these measurements were 198 established by the combination of MHW and the soil samples; no additional adjustments were 199 made. Conductivity and polydispersity index were also determined using this instrument. 60 nm, respectively 37, 38 . Samples were diluted to appropriate levels (less than 15,000 222 particles/mL). Serial dilutions were performed to exclude coincident artefacts. Additionally, 223 standard suspensions containing only monomers were evaluated at different concentrations to 224 test for onset of significant coincidence. 225
The AF4 model used in this study was an Eclipse 3+ system from Wyatt Technology (Santa 226 Barbara, CA). It was equipped with an 1100 series isocratic pump (Agilent Technologies) to 227 generate mobile phase flow and a degasser (Gastorr TG-14, Flom Co., Ltd., Tokyo, Japan). All 228 injections were performed with an Agilent Technologies 1260 ALS series autosampler. The 229 detection system was formed by a 1200 series UV-vis absorbance diode array detector (Agilent 230 Technologies) and a multi-angle laser light scattering (MALS) detector (DAWN HELEOS, 231
Wyatt Technology). Due to the large size range present in these samples, a 250 µm spacer (with 232 dimensions of 26.5 cm length and narrowing width from 2.1 to 0.6 cm) was used to set the AF4 233 channel height. The main flow rate and the cross flow rate were set at 0.5 mL min -1 and 0.3 mL 234 min -1 , respectively 21 . The retention time (tR) starts after the focus step (flow of 2 mL min -1 ). 235 Polyethersulfone (PES) 10 kDa membranes were purchased from Wyatt Technology and used 236 for the accumulation wall. Data from the AF4 detectors was processed using Astra ver. 6.1. for SONE-1, San-Joaquin and Estuarine sediment, respectively. Given that the same leachant 258 was used (MHW), the difference in pH, is attributed to the soil characteristics (e.g., SONE-1 is 259 the most acidic solid). ZP is pH dependent, therefore ZP of SONE-1 is not directly comparable 260 to the other natural samples. However, it appears that all colloids are negatively charged, 261 especially in the estuarine sediment with -24.2 ± 0.8 mV. For the AuNPs, the ZP is negative for 262 all samples except for bPEI, which is positive as expected. Cit-AuNPs and HA-AuNPs are the 263 most negatively charged with a ZP near -20 mV. PEG-AuNPs exhibit a small residual negative 264 ZP of -2.2 mV, which has been commonly observed for this coating. The dH (z-average) 265 determined by DLS shows that the PEG coating increases the size of the nominally 30 nm 266
AuNPs to 51 nm, compared to 42 nm and 33 nm, for PVP and HA coatings, respectively. The 267 soils/sediment extracts contain polydisperse colloids, therefore the measured sizes are at best 268 rough estimates of the mean size. The average dH is below 450 nm for all extracted matrices, 269 though the estuarine sediment, at 400 nm, is significantly larger than the soils. We note that after 270 centrifugation the sediment derived particles were more easily resuspended relative to the soil 271 particles. 272 TOC was measured in the natural samples after extraction in the < 0.45 µm fraction, it was 273 higher in SONE-1 and the estuarine sample with (44 ± 3 and 40 ± 1) mg C kg -1 , respectively. 274
The San-Joaquin soil contained (29.3 ± 0.4) mg C kg -1 . The estimated carbon content in the 275 initial solid soil and sediment samples was 1.9 %, 1.2 % and 1.6 % mass fraction for SONE-1, 276
San Joaquin and estuarine sediment, respectively (Table S2) were spiked into the SONE-1-leachant system (Fig. 2) . Au recovery is determined as the ratio 283 between the quantity of Au measured by ICP-MS following digestion of the soil extract 284 (fractions < 1 µm and < 0.45 µm) and the initial spiked amount (measured by ICP-MS after room 285 temperature acid digestion). The Au recovery after centrifugation is below 20 % mass fraction 286 (Fig. 2) , indicating that more than 80 % of AuNP mass is retained by the non-colloidal (massive) 287 soil particles or aggregated with a size > 300 nm within the colloid fraction < 1 µm (counter-288
indicated by spICP-MS results). 289
For the fraction below 0.45 µm, the extracted Au recovery is around 3 % except for Cit-290
AuNPs at 5000 µg kg -1 , which is (7.9 ± 0.3) %. The AuNPs are either free or adsorbed onto the 291 sub-0.45 µm soil colloids in the extracted suspension. Extracted Au recovery for < 1 µm fraction 292 varies from (7.5 ± 0.4) % to (16.2 ± 0.9) %. For Cit-AuNPs, it is comparable at low 293 concentrations (≤ 500 µg kg -1 ). However, as for the < 0.45 µm fraction, the recovery for 5000 294 µg kg -1 is higher with (16.2 ± 0.9) %. For bPEI-AuNPs, the recovery is similar from 100 µg kg -1 295 at around (10.5 ± 2.2) % and is lower (7.5 ± 0.4) % for 10 µg kg -1 . These observed differences in 296 recovery are not substantial, and the attachment may be similar, but appears to vary somewhat 297 between the larger and colloidal (< 1 µm) soil particles. 298
In both fractions < 0.45 µm and < 1 µm, the recoveries of Au as a function of the 299 concentration are similar for the cit-AuNPs (up to 500 µg kg -1 ), and for the bPEI-AuNPs (at all 300 concentrations tested), which is consistent with basic hetero-aggregation theory as described by a 301 modified Smoluchowski model (Equation 1 ) 29, 43 , assuming that the processes of homo-302 aggregation and breakup of hetero-agglomerates are insignificant: 303
where n is the number concentration of AuNPs, B is the number of soil particles,  is the 305 attachment efficiency between the AuNPs and soil particles,  is the second-order collision rate 306 constant between the AuNPs and soil particles, and t is time. For B, , and  all remaining 307 constant over the duration of the hetero-aggregation experiment: 308
where n0 is the initial concentration of AuNPs. Hence, the fraction or percent of AuNPs 310 remaining unaggregated, as well as the fraction of AuNPs hetero-aggregated to the soil particles, 311
is not expected to depend on the initial AuNP concentration when comparing the same type (i.e., 312 surface chemistry) of AuNP over the same time duration (and thus the measured recoveries are 313 not strongly dependent on the initial spiked concentration of AuNPs). We note that at sufficiently 314 high concentrations of AuNPs, the rate of homo-aggregation will become significant (vida infra). 315 and bPEI coating using spICP-MS in the < 0.45 µm fraction after 24 h of agitation. To quantify 317 the aggregation rate, an aggregation number (AN) can be determined as described in a previous 318 study 21 as the ratio of the mass sum of the aggregates (dimer, trimer, and larger oligimers), 319 maggr, over the mass sum of the monomer (mmono):
For citrate coating, the increase of concentration clearly involved the formation of dimers 323 (at around 38 nm) and then trimers (and higher order oligomers). It is important to note that the 324 sample concentrations were adjusted (multiple dilutions) to avoid particle event coincidence 325 during the dwell time. The number of particles is determined in such a way that the particle 326 number is below 300 min -1 , at which level coincidence was not observed for the control sample 327 (AuNPs in DI water). For (100 and 500) µg kg -1 , AN increased to 0.5, and it was 10 times higher 328 for 5000 µg kg -1 (Table 2) . bPEI-AuNPs, to a lesser extent, exhibited aggregates starting at 100 329 µg kg -1 . However, the aggregation rate remained relatively constant up to 5000 µg kg -1 , in 330 contrast to Cit-AuNPs. The increase of the AuNP number concentration increased the collision 331 rate for homo-aggregation of AuNPs, and, therefore, the presence of dimers or higher order 332 species in the spICP-MS data. It is important to note that, in the soil extract samples, AuNPs may 333 be homo-aggregated or hetero-aggregated with soil colloids (i.e., single and multiple AuNPs 334 either in a free oligomer or attached to the same colloid can produce similar frequency patterns 335 under certain conditions). 336
To verify hetero-aggregation, AF4-UV-MALS-ICP-MS was performed on samples with 337 a spiked concentration of 5000 µg kg -1 . Fig. 4a The monomer population (single AuNPs), though also present, may simply reflect 357 coelution with soil colloids (i.e., AuNPs attached to colloids). F3 indicates a lower homo-358 aggregation rate and further confirms that hetero-aggregation is dominant. Additionally, more 359 than one AuNP can be attached to a single colloid. When aggregates are observed in spICP-MS 360 and the tR in AF4 matches the colloid trace (typically for F3), it represents two NPs (if dimers) 361 attached to the same soil particle; these AuNPs might be in contact or not (homo/hetero-362 aggregation). To help verify which mode is occurring or dominant, one option is to use electron 363 microscopy imaging. Another possible method would be to use fast scanning with microsecond 364 dwell times to assess characteristic changes in peak shape associated with hetero-versus 365 homoaggregation, but this was beyond the scope of the present work and would involve 366 extended studies to validate the approach. 367
For bPEI-AuNPs, the fractionation profile was similar to Cit-AuNPs. However, for the 368 fractions analyzed by spICP-MS, the rate of homo/hetero-aggregation was lower compared to 369 citrate coating, with AN values of 0.23 ± 0.05, 0.82 ± 0.08 and 0.77 ± 0.07, for F1, F2 and F3, 370 respectively (see ESI, Fig. S1 ). As previously shown, F1 corresponds to the monomer and yields 371 a low AN whereas F2 and F3 have the same AN associated with a small amount of homo/hetero-372 aggregation. It is worth noting that the recovery in the < 0.45 µm fraction, for a spiked 373 concentration of 5000 µg kg -1 , is higher for citrate (8.3 % ± 0.9 %) compared to bPEI coating 374 (3.5 % ± 0.2 %) involving a higher attachment rate for bPEI on larger soil particles. Moreover, in 375 a simple solution (DI water only or MHW) with only AuNPs, Cit-AuNPs tend to homo-376 aggregate more readily compared to bPEI-AuNPs due to the additional polymer-induced steric 377 stabilization present for bPEI. The difference in recovery can be due to the competition between 378 homo-and hetero-aggregation. Therefore, oligomers of Cit-AuNPs are formed more easily in 379 contrast with bPEI-AuNPs. 380
For the remainder of this study, a concentration of 500 µg kg -1 was chosen to produce 381 sufficient signal to be detected by the analytical method and to limit the homo-aggregation 382 observed at 5000 µg kg -1 . Moreover, according to equation 1 the influence of concentration up to 383 500 µg kg -1 is negligible. For real environmental samples a prerequisite step of preconcentration, 384 such as cloud point extraction 21 , is often needed to detect ENMs by the standard analytical 385 methods, as environmental concentrations are generally well below the µg kg -1 level 46 . 386
Coating 387
Surfactants, ligands and macromolecules are commonly used as surface coatings to 388 stabilize (by steric and/or electrostatic repulsion) and functionalize NPs 47 . NOM encountered in 389 the environment can also change the aggregation behavior of NPs 19 . To assess the influence of 390 AuNP coatings on their attachment behavior, in addition to Cit and bPEI, soil samples were also 391 spiked with PVP or PEG functionalized AuNPs, which are intrinsically neutral polymers, or 392 NOM (SRHA and SONEHA) coated AuNPs (protocol in ESI). Fig. 5 presents the recovery 393 (calculated as described in section 3.2.1) for the SONE-1 fractions. Less than 15 % of Au is 394 extracted from the colloidal material for all coating types, with less than 5 % for the < 0.45 µm 395 fraction, regardless of the coating type. No substantial difference is observed between the 396 coatings. Several explanations may be advanced to explain these results. For instance, the end-397 over-end agitation method at 40 rpm for 24 h may increase the collision rate and enhance 398 attachment efficiency between the AuNPs and the soil particles, overriding resistance due to the 399 AuNP coating. Additionally, the presence of NOM in the soil sample may mitigate the influence 400 of the native surface coating. Indeed, Stankus et al. 48 showed that regardless of surface 401 functionalization (anionic, neutral or positive), functionalized AuNPs adsorb SRHA. Their work 402
indicates that the initial coating may not be a major factor for NP transport and mobility in 403 environment matrices containing substantial NOM. 
Matrix type 411
In addition to SONE-1 agricultural soil, another agricultural soil (San Joaquin, SJ) and an 412 estuarine sediment (Sed) were also tested. An initial concentration of 500 µg kg -1 of Cit-AuNPs 413 was spiked into each matrix-leachant and the time of contact (agitation) was set at 24 h. After 414 digestion of the extracted samples, recoveries for SJ and Sed represented (1.72 ± 0.03) % and 415 (1.2 ± 0.1) % of the initial spiked Au for the < 0.45 µm fraction, whereas below 1 µm, recovery 416 was (8.6 ± 0.1) % and (4.7 ± 0.1) %, respectively (Fig. 6 ). For the fraction < 0.45 µm, these 417 recoveries are low relative to SONE-1, with a recovery of (3.4 ± 0.1) %. For the fraction < 1 µm, 418 the Au recoveries for the two agricultural soils (SJ and SONE-1) are statistically identical (8.6 419 versus 8.9), but two-fold higher than Sed. 420 AF4-UV-MALS fractograms for all samples (< 0.45 µm fraction) present a broad peak 421 between (20 and 75) min (See ESI, Fig. S3 ). The maximum of the UV peak corresponds to a size 422 Rg ≈ 200 nm for the soil samples (SONE-1 and SJ) and ≈ 180 nm for Sed. To the naked eye, we 423 observed that SJ and Sed were less turbid after centrifugation, compared to SONE-1. Moreover, 424
for the same injected quantity in AF4, the integrated intensity signals (for SJ and Sed) are 425 reduced. The UV signal (at 254 nm) was integrated for each matrix and normalized to the largest 426 area (i.e., that measured for SONE-1). The integrated and normalized UV for SONE-1, SJ and 427 (Table 1 ) and therefore could be less of a sink for the negatively 439 charged Cit-AuNPs; this in turn could promote homo-aggregation, but this is speculative without 440 further confirmation. 441
Kinetic study
442
For this set of experiments, the time of contact (i.e., agitation time) between SONE-1 soil 443 and Cit-AuNPs was set between (0 and 48) h with a fixed Au concentration of 500 µg kg -1 . Fig. 7  444 shows that the leachable AuNP content is decreasing rapidly. At t = 0, less than 60 % and 40 % 445 of total Au is extracted from the fraction < 1 and < 0.45 µm, respectively. Therefore, attachment 446 on soil particles is rapid. At t = 2 h, less than 20 % and 10 % of Au is found in the fraction < 1 447 µm and < 0.45 µm, respectively. Extracted Au continued to decrease and reached, after a contact 448 time of 48 h, (8.8 ± 0.7) % and (2.0 ± 0.2) %, for < 1 µm and < 0.45 µm, respectively. Thus, in 449 this system, equilibrium is not reached 28 . 450
For each reported contact (agitation) time, AF4-UV-MALS-ICP-MS analysis was 451 performed on the < 0.45 µm fraction. Fig. 8 presents the ICP-MS trace ( 197 Au) for the 452 fractograms at five contact times (In Fig. S5 MALS, UV and major elements fractograms are 453 presented). It shows that at t0, Au is eluted principally at 6 min, which corresponds to tR 454 associated with free singlet AuNPs. The Au fraction eluted with the natural colloids between (13 455 and 65) min is lower. When the contact time increases, it is observed that AuNPs are associated 456 more with the colloidal component. The ratio between the areas of peak 2 (13 min to 75 min) and 457 peak 1 (0 min to 13 min) increase from 0.9 to 7.6, with a linear correlation (y = 0.15x + 0.97, R 2 458 = 0.92). Therefore, larger soil particles (Fig. 7) and colloids ( Fig. 8) not yet been so thoroughly characterized. In this study, we exposed the PEG-AuNPs to UV 470 irradiation for 4 days in DI water to induce nearly complete removal of the PEG coating ( AuNPs, respectively. Likewise, similar percent recovery was also obtained in the < 1 m 476 fraction: (10.6 ± 0.6) % and (11.8 ± 1.1) %, for the unexposed and UV-exposed PEG-AuNPs, 477 respectively. These results are consistent with those from the coating comparison experiments, 478 where similar recoveries of Au in the different size fractions from the soil slurry were obtained 479 regardless of coating type. These results differ notably from our previous study on UV-480 irradiated PEG-AuNPs, where loss of the coating significantly changed the homo-aggregation 481 rate of the AuNPs 36 . The results in the soil slurry imply that, for low concentrations of AuNPs 482 undergoing primarily hetero-aggregation with naturally occurring particles, the presence or 483 absence of the polymeric coating may not be significant with respect to the hetero-aggregation 484 process, despite the steric forces imparted by the dense PEG coating. A likely explanation is that 485 nearly all of the AuNPs have attached to a soil colloid or particle within the mixing time probed 486
here (2 h), because of the high concentration of soil colloids and hence high collision rate. 487
Alternatively, the presence of NOM in the soil slurry may play a role in mitigating differences 488 between coatings. Differences in the attachment efficiency, , attributable to the presence of the 489
